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Introduction 



The purpose of this study guide is to provide a bacjcground of basic infor- 
mation on electronic semiconductor devices and their applications. The --^ 
rapid growth of semiconductor technology is forcing changes in our approach 
to teaching and learning practical applications of electronic devices. 
Integrated circuit tecnnology has now reached the stage where most commonly 
used circuits can be placed on a single I.C., even though they require 
thousands of electronic componenets. Circuit design theory is being replaced 
by circuit application ^nd system design considerations because circuit 
desi^fn is already incorporated in the I.C.'s. Students must now become 
familiar with transfer characteristics of I.C, devices so as to understand- 
how to inter-connect them and intei?face them v^ith transducers to form t>pera- 
tioftal?*systems . 

Integrated circuits are divided into tv/o broad cu^ioorift : Imf-ar circuits 
and digital circuits. * Linear ciroruits are used to rrocijSo anaic j infor- 
mation in which the .integrity of a continuously changing siqnal must be 
preserved. Digital circuits are used to process quantized information 
which is presented as a series of pulses. 

Many of the functions formerly performed tay dcaicatod logic gate circuits 
are now being performed by microprocessors which can be programmed to 
perform a vide range of logical operations. To provide an understanding 
of the language of microprocessors, a section on binary arithmetic and 
binary codes is also included in the digital circuit discussions. 

Material in this study guide will provide the background needed to interpret 
the essential specif icaticn<=5 and operational characteristics of basic 
analog amd digital circuits. < 




Section A - Diodes. - Definition 

Diodes are circuit elements which conduct electricity more readily 
direction than in the other. When N-type and P-ttpe semiconductor "^terials . 
are joined together, they form a junction diode whlteh conducts when the P 
material is connected to a positive voltage and the N material is connected 
to a negative- voltage (forward bias). When the polarity is reversed (reverse 
bias), the diode forms a high resistance. 

At the junction of the N-type and P-type semiconductor material an exchange 
of electrons and holes across the junction forms a narrow region ^""^ich 
there are few holes in the P material and few electrons in the N material. 

This is referred to as the depletion region. The ^pgpsite charge that 
builds up on each side of the junction creates a difference in potential 
across the junction which is called the potential barrier. An external 
voltage sufficiently large to overcome this potential barrier must be . 
applied in order for a semiconductor diode to conduct. 

There are two types of semiconductor materials commonly used in making 
junction diodes. These 'are germanium and silicon. Diode action is the 
same for both types of material; they differ only in their characteristics. 
Figure 1.1 shows the voltage- current characteristics of a germanium dxode 
and a silicon diode. Two important points on these curves are the forward 
bias voltage, required to initiate conduction and the peak inverse voltage 
(PIV) which is the reverse voltage that causes the diode to break down and 
conduct in the reverse direction. 
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(A) Germanium Diode 
Figure 1.1 Characteristic Curves 
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(B) Silicon Diode 
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The P-type material of. a diode forms the anode and the N-type material 
forms the cathode. Most diodes vfse a color band to indicate the cathode 
terminal. Figure 1*2 shows the schematic symbol of a diode and a forward 
bias and reverse bias diode circuit. 




Temperature has an adverse effect on both the forward and reverse purrent , 
* cheuracteristics of a diode. The maximum forward current a diode can safely 
handle is always given in its specification sheet. Sinc^ diodes have some 
material resistance, heat^ generated internally due to i R power dissipa- 
tion ccui destroy the diode unless current is- held within specified limits. 



Section B - Power Diodes 

Dio<?es %^ich must handle large amounts of current are constructed and pack- 
aged so as to minimize the heat generated within the diode and provide a 
good heat transfer path to dissipate the heat that is generated. These 
diodes are used primarily in rectifier circijits and output driver circuits 
for high power DC loads. Power diodes are usually silicon diodes with 
large junction cureas whibh provide low junction resistance and therefore 
low power (1 R) losses under high current conditions. The current carrying 
capat^city of a diode circuit can be doubled by placing two diodes in parallel. 
The absolute value of peak inverse voltage which two similar diodes connected 
in series can withstand is twice as great as that of either diode alone. 
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Power diode specification sheets give power dissipation vs. ca^e ten?>er^turep 
curves. These curves provide the information necessary to make the proper 
choice of diodes for a particular application in a known environment. When 
operating conditions dictate, it may be necessary to mount power diodes on 
heat sinks and use either convection or forced air cooling to keep their 
operating temperature within specified limits. An example of power diodes 
is shown below. 
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Figure 1.3 Power Diode 



Section C - Slectrooptical Deviceb ^ 

Electrooptical devices are classified as light sensitive or light emitting 
devices. Lighl^ sensitive devices tespond to changes in light intensity by 
either changing their internal resistance (photoconductive cells) or by 
generating an. output voltage (photovoltaic cells). 

Light^^^^^l^pliting devices produce light when they are energized by*'electric 
current or voltage. 

Light Emitting Diodes (LED) 

Light emitting diodes are PN junction diodes that emit light due to the 
release of energy during electron-4iole recombination when current is forced 
through the junction. The color of the emitted light depends on the material 
of the device. Gallium-arsenide phosphide produces a red light of approx- 
imately 660 nm. By adjusting their chemical composition r LED's can be made 
to emit light of wavelength from 550 to -910 nm. 



LED Characteristics " 

The schematic symbol or an liED is shown in Figure l,4(c). The relationship 
befveen voltage and current on a typical LED 'is shown in Figure 1*4 (a). 
Figure 1.4(b) shows the relationship between the forward current and the 
output rado^ant power-s Note that the output radiant power increases linearly 
with forward current, , a 
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(c) Schematic 
Symbol 
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Figure 1,4 LED^ Characteristics 
Applications a 

In most applications f the LED should be connected in series with a cui^rent 
limiting resistor to prevent its destruction due to excessive current. 

LED's are used extensively as readout indicators, optical cpuplers, optical 
limit switches, and punched card cind tape readers • 

Section P - Thyristors 

Thyristors are electronically controlled solid state switches. They are 
used as either an on-of f switch or as a irtomentary interrupt switch to - 
control power being applied to a load- Some thyristors control current 
flow in one direction-only, others control current in both directions. 
The -most widely used thyristors are the silicon controlled rectifier, the 
bidirectional triode thyristor, the bidirectional trigger diode, the uni- 
junction transistor, and the programmed unijunction transistor. We will 
discuss only the silicon controlled rectifier (SCR) which is the most 
widely used thyristor. 



Silicon Controlled Rectifier' (SCR) 

The SCR is a three element solid state device composed of a cathode, an anode 
and a ^ate. . Thfe forward breakover voltage between the cathode and anode 
is a function of the applied' gate current. Once the forward breakover voltage 
is reached, the SCR is no longer under control of the gate current but 
will continue to conduct until the anode current drops below it^ minimum 
operating value. The minimum operating current is referred to as the SCR's 
holding current, I... The schematic symbol and operating characteristic 



curve of a typical" SCR is shown in Figure 1 
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^ Operating Cluuracteristics of SCR 

Figure 1.5 with Open Gate, 1^-0 ^ 

As the gate current of the SCR is increased the forwaurd breakdown voltage 
decreases. The ability of the gate current to control the breakover point 
provides, the SCR with its variable control characteristics. Figure 1.6 
shows the forward characteristic curves of an SCR with several different 
values of gate current. 




Figure 1.6' SCR Forward Characteristics for Three Values of I 



Applications ^ 

SCR' 8 are used primarily for motor on^off controls and to vary the amount 
of power applied to a load. Motor speed-torque control and light dimmers^ 
tee two of the most ccscaon applications of SCR control circuits. ^ < 
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Section E ■ Z^ner Diodes 

Ordin2u:y PN junction diodes will be damaded if operated at voltage levels 
in excess of their reverse breakdovm voltage. A special PN diode designed 
to operate under these conditions is called a zener diode, Zener diodes 
are designed to operate with a reverse vcdtage greater than their breakdown 



voltage applied across thein terminals 
diodes exhibit a very stnall value of 
changes in current through the diode ca 
drop across it. Zener ^diodes are avail 
voltage levels. The schematic symbol ai 
of a zener diode is shown in Figure 1, 7 



Ir its breakdown region/ zener 
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e very small chatnges in voltage 
le in a wide range of breakdown, 
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Figure 1*7 - Zener Diode gchematic and Characteristic 



Applications - 

Zener diodes are used extensively in voltage regulating circuits. A 
resistance should always be placed in series with a zener in order to limit 
the current through the diode^. A typical zener vbltage regulator circuit 
is shdwn in Figure 1.8. 




Figure 1.8 - Zener Voltage lJg$Lato^ 
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,Jn designing zener reguUtor circuity must be selected so that equals 

V^^ minus V . Tho zcncr breakdown voltage and I must bo «uch that the 

specified miximuni current of the zener is not exSeeded. The value of 
can be foxmd from the follovring equation.. 



V. . -V 
in z 

L z 



The power dissipated in the diode can be determined by the following 
equation. ' ^ * 



p s V 



in 



2 — 



P must not exceed the specified maximum power rating of the diode, 
z ^ 



Section F -,V\ractor Diodes 

When PN. junction diodto are reverse biased, the depJetion region between 
the junctions aces as an insulator and separates tlie P and N sections of 
the diode as a dielectric separ :es the plates of a capacitor. A 
varactor is a diode- designed to optimize this capacitance characteristic 
of a junction diode. As reverse voltage bias across the* junction is increased, 
the depletion layer increases and the capacitance, ythich is inversely propor- 
tional to»the distance betv»een the plates, becomes smaller. Figure 1,9 shows 
a typical catJacitance vs voltage cu<rve for a varactor- 
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Figure 1*9 Varactor capacitance vs Voltage Curve 
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Due to the bulk resistance of the semiconductor material, varactors are 
effectively an R-C series circuit. As such, they have a measurable Q 
just as any other capacitor. The Q of the varactor is 



^ X 

Q « c or 



27rfCR 



Since the capacitance of al varactor changes with voltage^ Q must be 
defined for particular operating conditions If it is to have any useful 
value. At the frequency that X * Q of the varactor will eaual one. 
The frequency at which this occurs is called the cut-off frequency 
{f_ ) of the varactor. ^ ^ 

CO ^ y 

f = 1 
CO 



2irRC 



The schematic symbols for a varactor are sliown in Figure 1*10. 




or 



Figure 1. 10 Schemat? o ol for Varactor 



Applications 

Varactors can be used in any circuit requiring. a variable capacitor. They 
are used extensively in FM cuid AM w^xmnuni cation circuits where frequency 
adjusting and control circuits axe required. A common application is in a 
voltage controlled oscillator (VCO) circuit in which the Resonant frequency 
of a tuned circuit is veuried by the voltage applied across a varactor in 
the parallel resonant circuit. A basic circuit for a VCO tuned circuit is 
shown in Figure 1.11, 
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Figure 1.11 Voltage Controllctd Tuned Circuit 

Capacitor C bypasses AC around the DC source, capacitor is much larger 
than the varactor capacitance euid has very little effect on the resonant 
circuit. It is used to prevent DC frcwi being applied across the inductor. 
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CHAPTER II 
TRANSISl!p,RS 



Section A - Introduction 

Translstoi^ are e89entially two junction diodes connected back to backr 
that la with either their anodes or cathodes connected together. This 
forms a three terminal device with the common element, called the base, 
acting as the control element. The other ♦rwo terminals are the emitter 
and collector. If anodes are the cramon element, the transistor is an 
NPN transistor. If cathodes are the common element, the transistor is 
a PNP tramslstor. Figure 2.1 below shows the diode construction of the 
two types of bipolar junction transistors (BJT* s) . 



B- 
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B ^ 
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NPN Transistor 



PNP tr^slstor 



Figure 2.1 



The diode construction of bipolar transistors provides a means of checking 
the transistor for shorts or opens between elements. Each diode should 
exhibit a. low forward resistance and high reverse resistance when chedced 
with an ohnmeter. 

Blpo^ transistors are constructed so that forward biasing the base to 
emitter diode permits current to flow between the collector and emitter 
#ven though the current flows through the collector diode in the reverse 
direction. The collector current that flows when the base to emitter 
diode is forward biased is much greater thah, but prqportlonal to, the 
aaeunt of base current that flows. This proportionality between base cur- 
rent and collector current is the current gain of the transistor and is 
called BETA {0) .^" , 



16 
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Al though transistors are single to describe , they are relatively dif- 
ficult to use. They must*be biased to operate properly, and the input to 
output transfer properties of the device must be considered. 



Section B - Bxpola4: Transistors (commonly just called "tramsistors") 

These devices come in two configurations — NPN and PNP. Transistors exhibit 
betmen the collector and emitter — a variable resistcmce which is controlled 
by the base to emitter current. 





NPN 



PNP 



B * Base 
E ■ Emitter 
C = Collector 

Figure 2.2 - Bipolar Transistors 

The arrows "ward devised for conventional current flovr and indicate the 
direction of positive current flow. An easy way to remember the two 
symbols is to associate NPN with "not pointing in" and Pl«> with "pointing 
in." 



Transistor Relationships 

Basically, the transistor is a current multiplier and the current at the 
base (either DC or AC) gets increased by 3* 



i ^ i^K & or 8 = ^ 



Emitter current is the sum of the base and collector currents. 



i^ « i^ + i^ 
E B C 



/^plying Kirchoff current and voltage laws to a transistor, it is not 
difficult to determine the relationships between base, emitter and 



collector currents, I , I emd I^, and 

BE C 

collector voltages v , v and V • 

BE C 

Figure 2.3. 



to determine base emitter and 
There relationships are shown in 



^CE BE CB 



V 




(a) 



(b) 



Figure 2.3 (a) Base, Collector and Emitter Current 

(b) Base, Collector and Emitter Voltage ^ ^ 

Biasing 

Tremsistor design and usage requries control of not only^ the signal, processing 
(AC) f but also, the biasing (DC)* The DC is necessary because the transistor 
will not behave properly around its normal at-rest state 4 It is necessary' to 
force it to some DC state away fron zero for proper operation. It is there- 
fore necessaury to forweurd bias the base to emitter causing base current %o 
flow which controls the collector current by way of the transistor charac- 
teristic called beta (B) • " ^ 



Biased Base Current 




Unbiased Base Current 




B4 2«0 mA 

B3 1*5 mA 

Sx4UQ>le Bias Point 



B2 1.0 mA 



Unbiased Point 
Tigure 2,4 - Transistor Biasing 

The biasing permits a wuch greater freedom of electrical movement since 
the transistor will not function with Voltage that reversef polarity or 

iHirff^nt thrtt reverH<*s direction. . ^ , " 



Biasing Concept 

Thm simplft (although not vefy uscfnx) biasing ciltcuit shown in Figure 2.5 
makes it easy to sea the cqnc^pt Of DC controls 



the symbol for the NPN structures is 




tge forward biase^ the base to emitter 



Thtt schematic symbol repl^ 

causing base -warrant to flow; this cauaas a collector current to flow 
ifhlch la bata tinaa graatar than the basa currant | 
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Figure 2.5 * Figure 2.6 

Simple Bxasing Circuit Transistor Biasing Circuit Showing Structure ' 



« • 

Two conditions must be met to teing the bias point to the operational 
configuration shown in Figure ^.4.- Base current must be large enough 
to prevent: an AC 'signal from driving -it to zero, and the collector to 
emitter voltage must be such that changes in collector current, du,e - 
to input signals, will not drive it to its maximum or minimum limit, 

Conditicms for Tremsistor Action 

In order for a common emitter transistor to provide amplification of 
a signal applied tp its base, the base to ^he emitter diode must be 
forward biased and the base tr the collector diode must be reverse 
biased. Mhet( forward* biased', the base to emitter voltage is eipproximately * - 

0.7V, The collector voltage is much more positive than the eihitter and 
therefore mor3 positive than the base. Ihis condition reverse biases 
. the base^TOllec^or diode. . ' 

Normally, trjmsistor circuits do not use a sepeurate voltage source" for — ~ . 
biasing. Bias voltage is obtained by apply V to one of several possible 
types of resistive het%«>r]cs. A voltage divider circuit shoim in Fig, 2,7 
' Xs the taost practical biasing circuit* Bias voltage and input resi&^tance 



are determined by replacing the given network with Tneyenins equivalent 
clVcuit referenced to the base, teritiinal. 




riguze 2.7. yoltage Divider Bias-^-Thevenins Equivalent Circuit 



Circttit C^f Iquratlons 



Transistors may be connected in three different configurations, each 
halting different input, output, and transfer characteristics. The cir- 
cuit variations are named for the method of connecting input and output 
signals to the traunsistor. Transistors may be ccxuiected with a comnon 
base, coanon emitter or comnon collector. The comnon element means that 
the signal input and output are comnon to that element. The choice of 
circuit conf igiiration depends on what values of input resistance (R. ) , 
output resistance (R^) , current gaiij (A^) , voUtage gain (A ) and ^ 
power gain (A ) are desired. The three types of circuit ^oMifigurations 
and their opefating characteristics are shown in Pig. 2.8, 2.9 and 2.10. , 



C.B. Circuits (AO 



Figure 2.8 - Comnon Base Circuit 




C.B. Equivalent Circuit (AC) 
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The connan base an^lifier can be used as a constr<mt* current source 
or as a ourrent i:o voltag»~transducer. 



C.E. Circuit <AC) 



C.e; Equivalent Cirpuit (AC) - 
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Figure 2.9 - Coomon Bnitter Circuit 
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CooBon emitter circuits are the roost connioi^Xy used amplifier circuits 
since they provide both current and voltage ^^aln« 



Circuit 



C«C. Equivalent 
Circuit (AC) 




Figure 2.10 - Coupon Collector Circuit 



V «i R 
oT E E 



in" E 



Z. 
in 
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A. 
1 



R- 



in 



The comnon collector circuit is called an emitter- follower since the 
output voltage follows the input voltage witn no gain. The circuit is 
used for in^edance matching when it is necessary to couple a high im- 
pedance source to a low impedance load. 



Section C - Field Effect Transistors (FETs) 



A field effect transistor is a high input inipedance device. There are 
two basic types of FETs, the junction FET (JFET) and the MOSFET (fo£ 
metal-oxide semiccianductor) . The two types are similau: except that the 
MOSFET has a high resistance layer — the metal oxide — on the input. This 
oxide layer increases the input impedajnce and makes possible an additional 
mode of operation called e nhancement mbde. The FET, like thie bipolar 
transistor, is a three terminal device.^ The FET control element is called 
the^ate and the other two elements are the source and drain. 



The. prinbapal difference between BJTs and FETs is in their control opera* 
ticm. Transistors are current controlled devices and FETs are voltage Con- 
trolled devic^. Thnt is, collector current in a tratisistor depends on 
base current, wK^e drain current in^a FET depends on gate voltage. BJTs 
have a low input i^q^dance and the FETs have a high input Impedance. 
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C^r^llnq Characteristics 

FETs are divided into three operation groups. The JPET operates in the 
depletion mode only, the normal^ly ON MOSFET operates in both the enhance- 
ment and depletion modes, and the normally OFF MOSFET operates in the enc- 
hancement only mode. 



All FETs are called square law devices %diich means their transconductance 
curve is parabolic. When used as a small signal amplifier the FET is 
acceptaUt)ly linear because only a small part of" the output curve is used* 
When large signals aure anplified, the paraJxDlic relationship between input 
and output results in nonlinear distortion. This nonlineaurity is \mdesir*- 
able in amplifier circuits but is exactly what is needed in special comnunl- 
caticm circuits called mixers. When two frequencies aure mixed in square law 
devices, output frequencies are produced which are combinations of these 
frequencies. 

Typical characteristic curves of the three types of FETs '^are shown in 
^Figure 2.11. 




Depletion L Enhancement 




GS ^ 

Depletion Mode Depletion-EnchanceiAent Mode 




Enchancement Mode 



Figure 2.11 



Operating Principle 

Depletion mode FETs (JFETs) control current flow by depleting the number of 
carriers in the conducting channel* The number of carriers is reduced by 
applying a reverse bias voltage to the control gat^ which must always 
reverse biased to prevent base current from flowing* 

MOSFETs have insulated gates which prevent gate current from flowing even 
when the gate is forward biased. Forward biasing the gate produces more 
carriers in the conduction channel between source and drain. This is referred 
to, as enhancing the carrier channel* When the gate is forward biased, the 
circuit operates in the enhancement mode* When the gate is reverse biased, 
thfe circuit operates in the depletion mode* 

.22 
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Enhanceneat only (normally off) MOSFETs'are constructed so that there is 
no. continuous carrier chemnel provided. .Cifrriers are made available only ^ 
by applying a for^rard bias voltage on the gate, and therefore the circuit 
can operate only in the enhancement mode. Figure 2.12 shows the schematic 
symbols of the three types of PETs. 7 



Schenatic Symbols for FETs 



"I 



N Channel FET 




N Channel MOSFET 




Figure 2.12 



N Channel Enhancement Only MQSFET 



Voltage* Gain 



Transoonductance curves shorn in Figure 2.11 are a graphical presentation 
of the relationship, betiireen input voltage and output current. The slope 
of the transoonductance curve at any point will give a value of trans*- 



ductance 



'm 



Ai. 
Av 



This relationship of output current to input voltage 



GS 



provides a means of creating a dependent current source %rfiich can be used - 
to develop an equivalent fC circuit. A JPET amplifier circuit and its equiva- 
lent AC circuit is shewn in Figuire 2.13. ' * 



mc 



13 




JPET Amplifier Circuit 



0 

Figxire 2.13-a 
Figture 2.13 

If i « 0, the input voltage » ^^c -L ^ output voltage 



V » i IL« The voltage gain of the circuit is then 
ODD 




Figure 2«13«^b 



AC Equivalent Circuit 
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Hudling Precautlcms for MOSFETs 



ItecauM the insulating layer that separates th<^ gate and channel of a • 
NOSPET is so very thin, it can be destroyed by too high a voltage bQ- ^ 
tMeen the gate and source. The insulation layer is so fragile that.it may 
even be danaged by static charge that builds up on the leads through im- 
^oper handling* To minimize the possibility of destroying MOSFETS dur- 
ing sUpMnt and installation, sanufacturers usually short the leads 
of the 'device together so that static charge cannpt build up between leads. 
Leads should renain shorted together until the device is installed. Dur- 
ing installation, the installer should be grounded through a wrist strap 
and all tools which are applied to the lesiAi should be grounded. MOSFET 
devices should ijever be inserted or removed frcm circuits vdiile power 
is cm, ' 



ERIC 
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CHAPTER 111 

,/ 

REGUIATI^D POWER SUPPLIES 



In the conversion of voltag^ from AC to DC, there are four, regulation 
considerations : 

1. Ripple rejection — the ability ^o' eliminate ripple (the tendency of 
•the output 4x> Jbe affected by the present level of the input wave*- 
form). ; the 
aflK>unt of ripple present, is measured 1:^ Tipple factor (r) : 

V^^ (rms) K 100 
- ^ * ' " (ave) ' 

2. Line regulation — reducing tendeitcy of the output to be affected by 
the input. 

3. Load regulation — reduQi^ng the tendency of the load to affect the 
output. Mathen^tica^ definition of load regulation (V.R. ): 

% V.R. V 100 
FL 

voltage under maximum load* 

PL 

v., - voltage . under no load or minimum load. 
NL • 

4. Twerature regulation — the change of voltage drift that occurs 
iirith temperature changes. i 

Other features pf Interest include: 

1. f'oldback cOrrert limitin g: If too little resistance or even a ^oct ^ ' 
circuit is placed on the regulator output, this feature will reduce ^ 
the amount of current flowing through the device and prevent thermal j[i R) 
damage to the reg\ilator. 



2G 



^«fl9ur# i^l . Fol^3B>ack Current Limiter^ Response 



3^ Thenutl ^iBhatdoima ;' Ihls overload feature coupled with feldback current 
>^ liviti^i^ rajces a ^irLce virtually faij.safe. 

iIai>lestMoad regulator uses the sener diode' (see figure 3.2) , 

fed 




13V 



Figure 3 -2 



Zener Load Regulator 




to maintain voltage level. As the load requires more 
^ent flows through the zener to make up the difference • 
lal resistance of the diode it can be determined how 
stKSfr-afT increase:! *l<oad will decrease the output voltage • The frequency 
xe^^otm^ of the zener limit*, chis circuit to load current var^ationa in 
the mid-audio range. If the load ciurrent is above the level that removes 
all of the current from the diode i> no regulation occurs. 



Desiyi Example 

A tape recorder operates at 7 V iic 100 mA. Design a regulator to adapt the 
recorder to car use. Asiume the maximum car voltage to be 13V. 

Solution: When there is no load current, th& zener needs to be carrying 

Ic'ad current (100 mA) plus some reserve (at least 10 xbK) 
Tbm raseirve ii necessary because the zener voltage varies more at low currents 
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*y ■ 13 -7 ■ Six volts must be dropped across - .^listor in series with 

the zener* 

Poner dissipated in regulator resistor » « 6 X .11 ■ .66 watts 
lioad power ■ 7 X .1 ■ •? watts. 



Find a 1 watt resistor closest to 5612. 



i R - .7 - 222. " 56ft 

12 



The sener regulator prdvides only load regulation. Many of the integrated 
regulators incorporate all of the features mentioned earlier. The siiqpler 
versions # called three-teminal regulator s# require no external components 
and are extremely easy to use (see figure 3.3). These come in two types- 
positive and negative. 




V in. 



V out 



Figure 3.3 - Three-Terminal Regulator • ^ 

By vising a positive and negative power regulator # a bipolar supply can 
be made (figure 3.4). 



+15 V 




Figure 3.4 - Bipolar Supply 
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Th^s bipolar function can now be incorporated into one device called 
dual trapking regulators (eg. UA78Y00) . 




Figure 3.5 - Dual Tracking Regulator 



Bxae^le: Using the information in TeOole 3*1 on a 12V positive t:hree* 
^tervlnal regxxlator answer the following questicms: 1) Even though 
th£s device has a specified output level of 12 volts, one might get 
a device anywhere in what range? (V « 19V, I out » 0.5A) 2) If in 
a particular application the average " level of the incoming voltage 
\tex: to vary between 14,5V and 30V, how much would this typically cause 
the jutput level to vary? 3) What is ::he minimum value of the Incoming 
voltage to assure full performance? 4) If the load current were to 
vary between 250 ma and 750 ma how much variation in output voltage 
level would typically be ea^rienced? 5) How much is incoming ripple 
reduced? 



^flfCnilCAL CHARACTEIIISTICS 



Table 3.1 

'louT = 500mA, Cw = 



0.33mF. Cout = 0.1 mP. Tj - 25*0 



^AMftirmi 


TEST CONOmONS 


Nln 


71121 

Typ 




MIn 


TtllCY 

1 Mm 


UNIT 


VOUT Output >^oH«0« 




V 

11.5 1 


12.0 1 


/ 

*» 


V 

14.5 


/IN-16V 
12.0 12.5 


V 




Over ttmp.I SroA < lour < 1 OA. 
PO S 15W 


15.5V < ViN ^ 27V 
11.4 i 1 12.6 


14.5V S ViN S 27V 
11.4 1 • 1 12.6 


V 


Une r«9iil«tlon 




14 5V 

1 

lev 


' S ViN i 

10 
S ViN< 

3 


= dov 

120 
22V 

«9 


14.5^ 

1 

16V 


i/^ Vin: 
10 1 
<ViNS 

3 


S30V 
240 
22V 

120 


mV 
mV 


lo§a r«gu(«tion 


5mA s lour S 1.5A 
250mA S lOuT < 750mA 




12 
4 


120 
60 




12 
4 


240 

120 


mV 
mV 


«CC 






4.3 


6.0 




4.3 


6.0 


mA 




Ovtr t«mp.! with line 
With ioad. 5mA S lour < 1 OA 


15V 




-30V 
0.6 
0.5 


14.5 


/SViN 


S30V 
1.0 
0.5. 


mA 
mA 


Output nolM voftao« 


lOHzSfSIOOkHz 




75 






75 






^>ilie» drift 








48 






46 




* Rlppte fs^Mtlon 


Ov«rtmp.1f«120M2 


15V 
61 


71 


^V 


15V 
55 


SVms 
71 


MV 




Dropout voltagt 


lOUT-I.OA 




2.0 






2.a 




V 


Output f||ttltffO 


ff« IkHz 




16 






16 




mft _ 


itc 






360 






360 




mA _ 


FMk output current 






2.2 






2.2 




A 


VouT Output ttmpmtufo dftfl 


louT » 5mA 


0*C 


STjSl50*C 

1 -to 1 


0*0 


1-1.0 


126-C 

1 


mv/»C 



Answers: • 1) 11.-5V to 12.5V 2) lOmV 3) 14.5V 4) 4mY 5) 71dB 
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CHAPTER IV 
OSCILLATORS 



Section A - Introduction - 

PMdback circuits discussed so far had negative feedback. Oscillatora 
require positive feedback and gain. Negative feedback can result in 
«ich ijnproveawnts as increased linearity, lower output impedance, hi^er 
input iapedance, increased frequency respmse, noise ^reduction aod i.n» 
creased stability* Positive feaiback coupled with sufficient gain is 
used to iMke the circuit unstable, causing it to fall into oscillation. 
Positive feedbadi neans'that some fraction of the output is returned 
b9!C^ to the input in such a manner as to increase the overall signal 
level « 



Section B - Wejn Bridge Oscillator 

Figure 4*1 shows a basic version of a Wein bridge oscillator circuit* 
-The Identity^of the„bridge^is o bscure d in the Figure, but R^ and R^ 

BUtte up the right hand half of the bridge and the other components, 
, the left. The op»anq> is connected across the center of the bridge* 
R^, R^f C^ and C^ form the frequency adjustment elements and provide" 

the positive feedback path. R , R , and the op-an^ provide the needed 
gain. ft 
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Tb » c i rcuit g « tB -A.JMi nMds to^b*. at least 2. 



t For identification of the coe^nent, see Figure 4.1. 



^ • » /I^C^RjCj 6.28/ 



(25 X 10^) (10*^) (100 X 10^) (10'^;T ^'^ 



* ■ **■ ^ ' 25(Mcn +1-3.5 

^ * * lOOkfl 



Sectiyt C - Crystal Oecillator 

A eryatal oaoillator can have a v$^ry stable frequency 




•DHH 



Crystal 



Flgura 4*2 * Crystal Oscillator 



Vhm crystal bshavss as an extrsmely stable capacltlve-'^lnductlvs circuit 
proyidiiig ths positivs fsadbaclc path. The op-anp with R ^ pravldes 

th# alnimli gain needed* 

Xa all of t|isea oscillator circuits a square wave output can be achieved 
by forcing the clr'cUit to go into saturation on both sides of the output. 
Tbie can be further squared up by inserting a pair of cathode connected . 
sener dio^^s tron ^ output to ground* 1!hese diodes can be purchased 
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Almady ooimectod in a single package. A nice clean sine wave is more 
difficult tojproduce. On the one hand, sufficient overall gain must 
be ^ovided for any output to apjfedr at all. But, if there is too much 
gatn*^ the output will go into saturation, squaring the output wayeform. 
Sow i^itional circuitry must be {provided to «fisure keeping the oscil- 
lator in this happy medium. A thermistor can be added, so that as the 
amplitude increases the resistance of the thermistor increases, tending 
to shut down the device « A more sophisticated circuit for this purpose 
is given in the application section of the CA3140 op-anqp spec sheet. 



Section D ^ -Multivibrators 

Ttsre is a ifide range of applications for repetitive waveforms which 
are not sinusoidal. The most widely used class of nonsinusoidal signal 
generators is the multivibrator. There ai^e three t^pes of multivibrators, 
all of wfai^ operate on the same principle but differ only in the sta-- 
bility of operating states. 

The mcnostable multivibrator, called a one shot, has only one stable 
state and will remain in that state unless forced into an unstable con- 
dition by some externally applied signal. After being forced into an un* 
std^le state, a one shot will return to its stable state after a time 
period established by its internal circuit. 

The bistable multivibrator, called a fliprflpp, has two stable states 
and will remain Ir either stable state v^ess forced into the other by 
an externally iiq^lied signal. 

The astable muitivibrator7~^alled"a free running-multivibrator^ haa nP_ 
stable states, but will continually switch from one state to the other. ^ 
The time required to switch states i^ controlled by feedback circuits 
between the two active elements in the unit. The astable multivibrator, 
being a free running oscillator, is the unit idiich will be considered 
in the following section. 

Astable Multivibrator 

In a sinusoidal oscillator the period of a cycle is determined by the^ 
resixiant frequency of a tuned circuit* In a non^sinusoidal oscillator 
the oscillation period is determined by the R-C 'time cmstant of feed- 
bade circuits between active elements in the oscillator. When the two 
feedback circuits *are identical, ths oscillator is a balanced multi* 
vibrator, and it will produce a symmetrical square wave output. When 
the two time constants are different, a nonsymmetrical output is pro- 
duced. A schmatic diagraoi of an astable multivibrator is shown in 
Figure 4.3. 
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Figure 4.3 Transistor Astable Multivibrator 



-The time (T ) that remains' cut of f is a function of R c . . Whan the 
voltage across rises abov^ 0,7V, ^^^"s on and is cut off. The time 
(Tj^) that r«Bains cut off is a function of Rg^C^. When the voltage 
across rises abovd O.Tv, Q. turns on and is cut off. 



Applications — — 

Astable multivibrators are used extensively as square wave or pulse gen- 
erators for many direct applications. Although its free running frequency 
^iLJins table can very easily be synchronized to* an outside source. The 

wavef om of ^squafe wave imd^uts^ signals contains many harre^(iic8^-4iich 

may be used as frequency standards. The multivibrator may also be syn* 
chrcmised to some sub-'harmdnio of a control frequency and thus act- as a 
frequency divider. The output waveform of a multivibrator .^y ^so be 
niodified to produce a sawtooth o tput tor CRT sweep ccmtrol* practical 
range of frequencies for a multivibrator ii^ from 1 H2 to approximately 
500 XHe. 



Section E - Waveform Generators 

Integrated circuits which can generate several different types of wave-* 
forms, such as square %9aves, triaiigular waves, and sine waves, are available 
at very reasonable prices. The outpxi^ frequency of these devices is con- 
trolled by external circuit coa^KHients so that oscillators can be made 
to produce various waveforms over a wide frequency range by simply select-^ 
ing the appropriate circuit elements. 
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Hott circuits %^ch have a wide range of applicative are now available 
in integrated circuit form. Prcnr the standpoint of both economics and 
•inplicity in construction, there is no longer a need for discrete com- 
ponent design of post comnatt circuits. 



Figure 4*4 shows a 80318C waveform generator with external circuit 
elements needed to produce, a square wave, triangular wave and sine wave. 
The frequency of these waveforms is determined by the values of R and 
C used in the circuit. 




-TLTL. 



Figure ^.4 Maveform Generator 
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CHAPTER V 



•FILTER CIRCUITS 



Circuits ulildi attmuattt signals of sooie frequencies more ^an others are referred 
to as filters * Ituree major types of filters, according to th4ir frequency re^onse 
diaraetsrlsticSf are 1cm pass, high pass, and band pass. 



Section ^ * Loi^^Pass Filters , 

* filtsr i^ch allows lower f)^6quency signals to pass with less attenuation than 
bi0MT frequencies is called a lot^-pass filter . A typical lbv^•paa8 filter is 
•hbwi in Figure 5.1. 



V. sin 2irft 




/^l 

AAAr 



2 V sin(2Trft -f ♦) 
o 



Figure 5,1 Low-pass Filter 

The transfer function of a filter 'is the ratio of the output voltage to input 
voltage, Vj^Aj^* Using the voltage divider rule: 

* Vo » Vi R2 



The frequency responds of a filter is usually shown as a plot of log V^/V^^ 
i^ainst log f as in Figure 5,2. ^ 



Vo - Vi R2 



then 



vo 
Vi 



R2 
Z 



35 



er|c , 



£ log f ' 

Figure 5.2 
Frequency Response of tow^ass Filter 

The reglm of frequencies for which the transfer function has a nearly constant 
value, |[, is called the midban^ region . ., ttie- frequency at which the transfer 
fMnctipn becoMS 0.707 K Is called the cut-off frequency , f . , ' 

The transfer function of the filter circuit in Figure 5.1 is 



The cut--of£ frequency of the low-pass filter is the frequency for which the reactance 
equals the resistance and is given by 




Figure 5. 3 -a 
Two-Pole Low-Pass Filter 



-al- 




io kfl 



fi .re 5.3-b 
Two-Secticm Low-Pass Filter 
' With Voltage Follower 



Exawple Problews 

* 

1. What caqpacitance is necessary to produce a low-pass filter with a cut-off 
frequency of 1 kHz for IL » R * 10 kO? 



Solution: 



f » 



R^Rj 2Tr C 



10 



+ 10" 



( 10* ) (10*) 
3.183 X lO"® F 



2rr X lO"" 



C « 31.8 pF 



2. In a low-pass filter c = lyF and R_ - 10 kfl. What value of R. is necessary 
to give a cut-off frequency of 100 Hz? 



Soluticm: 



C Rj^Rj 2WC 



Solving for R, 



R, ^ 

*1 f R, 210 - 1 

C 2 * 



10- 



10^ .) (10*) Zlf (lO"^) -1 



10^ 



6.28 - 1 
1.89 X 10^ 



;:tudent Problems , ' ^ 

1. What will be the cut-off frequency, for a low-pass filter with C = 10 P^f 
R^ » 20kfl, and R^ " 12 kJl? (2.1 k«z) 

2. What capacitance is necessary to produce a low-pass filter with a cut-off 
frequency of 300- Hz %*ien R^^ » 1.2 kfl and = 10 kfl? (0.5MP) 

3. Wiat value of R^ will produce a cut-off frequency of 60 Hz for a low-pass 
filter with C»"'^0.2pp and - 20 kfl? (39 kdy 

LABORATORY . 

the student should be ablje to assemble a low-pass filter with any desired cut-^f 
frequency, and then using an oscillator and oscilloscope , detezmine the frequency 
respmse characteristics of the filter; ' 



Secticm B - Hi^h-pasg Filter ^ ^ 

h filter network such as that in Figure 5.4%d.ll not attenuate high-frequency signals 
as such as .those at lower frequencies* This type of filter is a high^pass filter . 



sin 2Kftff\j\ 



V sin (2irft + <ji) 
o. 
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Figure 5.4 
Hlgh^pass Filter Network 
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^ansfftr ftinction for thi?' method is 



R 



(2nfc)^ 



TIm frequency response characteristics are shoim. in Figure 5.5. 
log ° 




log f 



4- 



Figiire 5.5 
Frequency Response Chstracter£stics 

for High-Pass Filter / 

*or this hi^^ass fi^Lter, the cut-off frequency is 

» - c 2TrRC • - . . 

-.These filter networks may also be coi5>led together, as in Figure 5.6, to imprave 
filtering or for desired isolation. 
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/ 







o 

s. 



\ 



' .r 



# ' Figture 5.6--a 

Twp*-pole Hl^"^patfs Palter 



/ 





R- 



Figure 5 .^~b; 
TWo^pole High-p^^s Filter. 
' with Voltage Follower 



" gjOMiple Problems . ' ' 

1* What capacitance is necessary to produce a high-pass filter with a 
frequency of 1 kHz %riien the resistance is 2.5 ySi7 



cut-off 



r/ 



Solution: 



27rRC 



35- 



c 



1 



2ir(2*5*x 10^) (10^) 



1.57 X 10^ 



Cm 6.37 X 10*® P » 63.7 pP 

1t« a 0.5 pF capacitor, what resistance, is necessary for a high^-pass filter 

with a cut-off frequency of 100 Hs7 



c 2rRC 



or R 



2jrcf 

c 



2ff^5 W-W^ ) — (ID?) 



R - 3,18 X 10^ n 



1. lAiat is the cut-off frequency for a hi^h-pass filter with 2 VF capacitance 
and 5 0 resistance'? , (16 kHz) ^ 

2e , Wlhat riiistance is necessary to produce. a high-^pa^s filter with cut-off 
frequency 500 Mz if the capacitance Is 25 pF? (12. 7n) 

3« A hif^j^ss filter has 1*5 kn resistance, ^hat c|ipacitance is necessary to 
produMlei cut-off frequency of 60 Hz? {l,8yF) 

** * © * « 

Hm studimt shbuid be able to assemble a high-pass filter and determine its fre^ 
qiiency response characteristics. 
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S ftcrt ion C - Band-paBS Filter 

- • ' 
lov-poss and high-pass filter networks nay be c^iibined as in Figure 5.7to produe* 
a filter «iii«fa will pass a certain range, or band, of frequency. Such a filter 
is ealleid a band-pass filter, C 

VSA* 



Vi@ 



Figure 5.7 
Band<*pass Filter 

This filter can be analysed by coniblnlng the transfer functions of the two filters. 
The loi#«-pass filter, and C^, has a transf<sr function 



ol 



1 ^ 



il vTT 



and establishes the upper cut<*off frequency, f^, at 



^u " 2irRj^Cj^ 



' R2 ^2 ^ the hlgh<*pass section with transfer ftbiction 



V 
_fl2 



v/^ (sifCjRj) 



niis circuit establishes the lower cut-off frequency, f , at 

e 



*e " 2»rR 



2~2 



SinM thft output of tha low^pass filter is the' input 6f the high^^pass f ilter, 
V ^ • V.^f and the transfer function for the entire filter is 

Ol 12 



o2 ol 

V. V ' 
12 ^11 




(2irfc^R2, 



1 + (2irfC^R^)^ 



^The freqpiency re^onse characteristics for this circuit are shorn in Figure 5* 8. 




u 



log f 



Figure 5,8 
Frequency Transfer Characteristica 
of Band'^Pass Filter 

'She difference between f and f is called the bandwidth. 

bandwidth = f - f 

In nany applicatiODS it is deslrcd}le to have a very small bandwidth -■ to pass 
essentially a single frequency. This can be accon^lished by setting both and 
equal to the desired frequency, f^^. ^n order to achieve this 



^1^1 ' ^2^2 ' 2TTf 



The resulting frequency response is shown in Figure 5.9. 



uc 
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0 



V 

i 




f ^ log f 

Figure 5.9 
Frequency Transfer Characteristics 
for Marrow Band-Pa^s Fi. ir 

In order to improve fi-ltering^ isol- tion, and impedance matching these filter sec- 
tions ttay be ^nnectud by a voltage followdr as in Figure 5.10. 




4 



Figure 5.10 
Dand**pas8 Filter %fith Voltage Follower 



Solved Froblesis 



1* tAiat values of R and would be necessary to produce ^ bamd-pass filter 
with cut-off frequencies of 1 kHz and 2 kHz if both and are 0.1 pF? 



u ' 2TrR^C^ 
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thus« R. 



1 2nc-f 
1 u 



2Tr ( 10~^ ^(2 X 10^ HZ) 



1.26 X 10 



-3 



Sfdve for 



Rj^ « 800 fl 



e * "2TrR^C„ 
2 2 



^2 " 2TC;.f 



2 e 



2Tr ( lO"*' P) (10^ ffz) 



• 6.28 X 10 



-4 



R^ - 1. 6 X la ft 



What values of R. axiA R, will produce a nwrow ^nd-pass filter for f 
2.5 kHz when botn ana are 0.5 yF? 



then, siftce Cj^ = C^; 



^1^1 ^"-^2^2 



2Trf 



■o . 



2 2TTf C 
O 



2Tr(2.5 X 10^ HZ) (5 X lO"^ P) 



ft 



7.85 X 10 



-3 



Rj » Rj - 130 ft 
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Student ProbleM 



1« For a band-pass filter, vdiat values of R. and R are necessary for f « 

1200 m and f^ m lOOO Bz if « 0.2 yF and - 0.5 yP? (R^ » 660fl ^ R^ - 320ft) 

2. Ifliat values of Rj^ and R are, necessary to build a' narrow band-pass filter 
for - 20 kHz when - 0.01 Mf and * 1500 pP? (r^ « eoofi, R^ - 5.3ft) 

Another J:ype of narrow band-pass filter, called a twin-T filter' , consists of 
a ne^iork as shown in Figure 5.1L.Por thiB filter f =^ 1 

2TTRC 




1^ 



I — vw 

R 



2C' 



X 



AA/Vr— » 

R 



R/2 



Figure 5.11 
TWin-T Filter 

This filter has a frequency response characteristic as in Figure 5.12. 



V 

, o 

log jr- 

i 




0_ 



log f 

Pigute 5.12 
Twin-T Filti^r Transfer Characteristics 



Dmi tviifT filter say be used in the feedback loop of an op-*anp to produce a 
baad-paiia filter as ehoim in Fig^ore 5.13, 




Figure 5.13 



V 
i 



(b) 



4^ 



a) Qp-an^ with Twin-T Filter in Feedback 

b) Correspondinc; Transfer Characteristics 



log f 



A twin-T filter may be used in the input to an op-amp to produce a band reject 
or notch filter as in Figure 5.14. 
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100 K 

-^AAr 



Twin-t 



300K 




log f 



Figure 5.14 



Twin-T Filter in Op-amp Circuit to Produce Bemd-Reject Filter 
and Corresponding Transfer Characteristics 



lABORATORY 

■ ■ • 

The student should be able to build a band-pass filter and determine its frequency 
respcmse characteristics. 
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Sactlon D * Integrators and Differentiators 

Integrators are used to sum the instantaneous area under a curve. Differentiators 
tare used to develop an output value proportional to the rate of change of an inputs 
Both integrators and differenti ator s can be built using either passive cotTfK^nts# 
resistors t inductors and capacitors # or operational ao^lif iers with appropriate - 
feedback circuits* <^ 



Integrator Cirduits 
R 



1 
J 



Figure 5.15 
Sinple RC Integrating Circuit 



Equation must be true for all values 
of t, 

^in 
R 



at t 



0 i- 



- -i/ 

RC J 



i dt 

r dt 
in 



RC > lOT Where T is the period of 

Lhe signal being integrated. 



An <^ amp integrator is show below. 



0— WSA/^ 



in 



1 




V dt 
^in ^ 



(Figure 5.16) 



The equation for comes from the following circuit relationships < 

Q = CV Q = CdV, i^ do ^ 

^ dt ^ dt 
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ProM the op amp characteristics: 

dV 

i m -i I -i « -c — 
R C C 4t 



Since V. » 0, V «- V , «i 



a - C 



dV 

c 

dt 



R 
R 



dv 



- 1 V, dt 



Differentiator Circuits ^ 

By interchanging the resistor and capacitor of the integrator circuit, a diffto- 
entiator circuit is formed* Basic differentiator circuits using both passive 
conponents and an operational amplifier are shown in figures 5.17 and 5.18. 



C 



T 



Figure 5.17 ^ 
Simple RC Dif fei^entiating Circuit 



V 
o 



dV 

at t = 0, i = -C jr 



dV. 



-RC 



in 



dt 



o - -c 



dV 
dt 



In order to perform the function of 
differentiation, the time constant 
(RC) of the circuit must be less 
than 1/10 of the period of the 
signal being differentiated. 



< T 
^ " 10 



Where T is the period of 
the circuit being differ- 
entiated • 




dV 



V = -RC 



in 



dt 



ERLC 



i - 



dt 



rigure 5.18 " 
DitfMTcntiator Crr6tiit 
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Wxom op dmp characteristics: 

Integrators and differentiators are used in analog coii«)uter circuits. They may 
also be used in fecial applications for filtering^ and pulse forming circuits. 

i 

ProblMi Sxanple: 

1. Sketch the output waveform of an integrator with a square wave input. 



Input 



Output 




\ Figure 5 ,20 



^^^^^ - ^1^^^^^^^^^^^ 



dV 



out 



'- RC 



In 
dt 




Laboratory Exercise ; 




f J f I 



■J _ 

5. = P + X ^ 
1 X c. 



* Figure 5 ,21 
Differentiator/Integrator Using An Op Amp 



The relative values of capacitances «md resistances in the differentiator and 
integrator ar6 as shown. 

For a differentiator (low frequency): Z. = X , X > R 

I.e. c. i 
1 1 

c 

f f f c^' 
» * , ' - f 

^ ^ f ~f 1 ' 



For an integrator (high frequency) : = R. 

Z, = X 
f c. 



A^ « -1 



meams the voltage gain of the op amp circuit. 



Construct the circuit shown in Figure 5.21 to act as: 1) A differentiator for a 
1 kHz square wave and, 2) an integrator for a 10 kHz square wave. . Sketch the 
input and output wave for each circuit. 



For the differentiator: R^ = Ikfl « O.Olyf 

R^ = lOki] = omitted 

For the integrator: R^ * 2kfi = Ijif 
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R^ « 10k » o.iyi; 

■* A, 
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CHAPTER VI 



DIGITAL CONCEPTS 



Sec^^ion A - Introduction * 

Electronic circuits are divided into two categories—linear and digital, 
lbs naM linear electronics is given to those electronic systens irtiich have 
an output proportional to tlieir ii^ut c/er seme limited range af values. 
Digital electronics i^ers to electronic systems %^ch operate in either of 
two states, "cm" or "oi|." yhg on and off states are distinguished by 
Afferent output voltagl levels. < 

Section B - Switching Cijicmits 

HMe siiqplest exaB«>le of aNij^i^i^ circuit element is a switch. . It has only 
two operatlcmal states, on and off. The most basic use of a switch is to 
permit or prevent the application of power to an electrical system. Switch- 
ing circuits are called gate because they control signal flow from input to 
out^t. 

AHD Circuit 

Logical operations such as AND and OR function? can be performed by using 
two or more switches. Two or more switches in series form a logical AND 
circuit. (Figure 6.1) ^ ' 




mmmm ' 

1 



DC VOLTS 




LOAD (OUTPUT) 



Sj^^.AND S^ AND » L 



Figure 6.1 AND Circuit 



OR Circuit 

Tuo or more switches inlparallel form a logical OR circuit. In the following 
circuit the load will receive po%#er ..when either swjCtch S. , or S. is 
closed. (Figure 6. 2> 12 3, 




Switches can'also be used to perform logical negation*. That is, the circuit 
will function only when the switch is NOT closed. A NOT function is indicated 
1^ a bar across the^tc^ o£ the switch identification. A - NOT A In Figure 6.3 
power will be delivered to the load vAien A is closed and B is NOT closed. 




, NOT Circuit 



A AND B » L 



Figure 6^3 NOT Circuit 



Wm a nd Wdt Circu its 

A ceabimtion of an AND and a NOT circuit produces a NAND (NOT i^m) circuit. 
A ooR^inatloQ of an Or and a NOT circuit produces a WSR (NOT OP.) circuit 




HAND Circuit 



NOT (A AND B) 



Figure 6.'4-a NAND Circuit 





MDR Circuit 



NOT (A OR B) 

Figure 6*.4-b NOR Circuit 
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tXC&OSIVB cm circuit 
I 

Another logi6 8iidt<diln9 circuit i^ch haflf many applications is the EXCLUSIVE 
OR (X OR ) circuit. An EXCLOSIVB (Xt circuit has an output when one ami 
only one switch. is on* In the switch circuit shown in Figure 6.5 the load (L) 
will have power when A only is on or %^n B only is on. The load will be 
of ^ whten both A and B e^re off and lAien both A and B are on. 



A B 
A B 

V 

o — ^ 




EXCLUSIVE OR Circuit 



. A AND NOT B OR B AND i^OT A 
Figure ^6.5 EXCLUSIVE OR Circuit 



CoBibiriation Circuits ^ 

Ccnbinations of series and parallel switches form combinational logic 
circuits, ^n^ey produce an output only for specific combinations of switch 
positions. In figure 6.6 power will be delivered to L when A or B or (C and D) \ 
are closed. 



A 




(A OR B) OR (C AND D) 



Figure 6.6 Combination Circuits 
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Logic Operation notation 



In order to define logicalL 
sion« erithiQetic qperatioji 
the Mltiplicaticm eymbol 
OR function usee the addii:ion 



switching i>perations in an analytical expres- 
synbols are used. A logical AND function uses 
A AW B MD C is escpressed A*B«C. A logical 
synbol (4-). A a| B ^ C is esgpressed A4-B4C. 



the switcdi ON state %d.ll 
j^oduce a or '•Lo* out](nit 
levels for positive logic 
nuniber notations. 



produce a 
"Hi" 
systems. 



Truth Tables 

Single gate operations cat 
c<«iparisons. Cdnbination 
tyjpe of gate for each 
A set of truth tables for 



•1* or ••Hi'* output. Trie og? state will 
and "Lo" designation refer to voltage 
'1' and *0' designaticms are binary 



be expressed in tabular form for reference and 
tables %^ch show the output from a paurticular 
input combination are called truth tables, 
an AND and cm OR gate are shown below. 



poss ible 



A 



B 



0 
0 

1 

1 



0 
1 

0 

1 



OUT 



A AND B 



A 


' B 


out' 


0 


0 


0 


0 


1 


1 


1 


0 


1 


" 1 


1 


1 



A OR B 



Truth Tables 



Several switching circuits 
Figure 6.7 . 



and their defining e^qpressions are shown in 
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• A 



L - A 

Pig. 6.7-a 

OA 



OB 





L - A-B + B'A 
Pig. 6.7-g 



L - A 

Fig. 6. 7-b 

A 



• C OA (► 




«B 



L « A + B 
Fig. 6.7-d 




L = A • B 



Fig. 6.7-f 




ERXC ^^9^^ ^•'^ .Switching Circfuits 



Ita^llcation of Switching Circuit 
Sxipples: 

!• An autonatic furnace is aA ^ncample of a simple switching circuit appli- 
cation. In order for. a furnace to turn on, four switches must close: 

a main power switch, a thermostat control switch, a pilot light safety 

switcht and a bonnet overtemperature switch. Schematically this circuit 
is shown below. 




Furnace Control 

F-^ A-B-C-D . ^ A = On-Of f Switch 

li = Thennostat 
C = Pilot Safety 
. " D = Bonnet Overtemperature 

Figure 6.8 Logical- AND Function Application ' ' ^ 

2.V An autcmc^ile interior light control is an example of an OR switching 
j circuit. The light will be turned on by either the door switch or an 
Interior light switch. 




Light Control 



+ B A = Door Switch 

B s Interior Switch 



Figure 6.9 Logical OR Function Application 
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Prom the simple applications it is easy to imagine the potential of switching 
circuits in process control. With the use of feedback controls and switching 
circuits any physical parameter of a system can be regulated. The ten^ierature 
in a building can be controlled by an automatic furnace as described above 
when the thermostat switch is controlled by feedback from a temperature 
sensor. When the teir^erature rises above the set point, the theinnostat 
switch opens, closing the gas valve • When it drops below the set point* 
the switch closes, opening the gas valve and resteurting the furnace. If the 
thermostat switch fails in the closed position, uncontrolled heating results 
\antil the high temperature cUt out switch opens the circuit when the bonnet 
temperature reaches a preset value • 

Combination switching circuits can be defined by logic expressions, depicted 
with a circuit diagram and implemented by proper installation of hardware., 
Ffom the logic expressions and circuit diagrams shown previously, it can be 
seen that in some instances more tham one logic expression may be used to 
define the same function. Figure 6.4-b shows a schematic which depicts the 



logic expression A + B (Not A OR B) • it is obvious from the schematic that 
the expression A-B (Not A AND Not B) also defines the operation depicted 
by the schematic. Modification cmd simplification of logic expressions is 
the subject of^^olean algebra. The particular relationship shown aibove, 
that A + B « A-B, is an example of DeMprgan's Theorem in Booleaui algebra. 



/ 



Section C - Combinational Logic 



Multiple contact switches operated from a single toggle are shown schemat- 
ically by joining contact ajtteS""W±th a dashed line or by simply identifyii/g 
each set of contacts which make contact at the same time by the same switch sym- 
bol. This means that if^ one^contact is In the A position all must be in the posi 
tion and none can be in the A position. A double pole dottble throw (DPDT) 
switch and a single pole double throw (SPDT) switch may be Represented 
schematically as shown below. 




DPDT 



SPDT 



Figure 6.10 Multiple Contapt Switches 



do 
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Multiple contact switches permit the use of or'^ switchinc^ operation to 
effect acre than one output. Multiple contact switches must be used in con- 
* structing schematics of certain logic expressions. 

Logie expressions used to define complex switching qperations may have 
. several terns %Aiich contain the same switching function . In many instances 
the original exgression nay be sinqplified by identifying redundant operations 
in the syst«a« 



Ryample of Circuit Simplif ioaticm 
"simplify the expression (A • B) 4* A • B » L 




Figure 6.11 Schematic of E^j&ession (A*B)+A*BsL 



If switch A is closed, power wxll reach the light regardless of %diich posi- 
tion s%atch B is in; therefore, the use of switch B is duperfliapus and can* 
be eliminated. The only switch in the circuit is then A, and the remaining 
Expression becomes A which me^s*pOwer will be delivered to the light through 
the paths but only when switch A is in position A. The logic expression then 
reduces to the simple term A L. 
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Section D - Truth Tables 



A functional table of switching operations « can be helpful in determining the out- 
put of svitching function escpressions. When applied to th^ logic of switching 
operations* these tables are called Truth Tables. Truth \Tables show the output 
results of all possible input permutations. 

A Truth Table of the switching ^circuits discussed above can be' constructed using 
OH and OFF as the possible input conditions and output results. A Truth Tad>le 
for an AND and an OR switching circuit is shown below. ' 



Ftmct4.onal Expressions- 



B = L 



A + B = L 



Switching Function 
Truth Tables 



A 


B 


L 


OFF 


OFF 


OFF 


ON 


OFF 


V OFF 


OFF 


ON' 


OFF 


ON 


ON 


ON 



OFF 



ON 



OFjf 



ON 



B 



OFF 



OFF 



ON 



ON 



OFF 



ON 



ON 



ON 



AND 



OR 



When electronic switches are used instead of mechanical switches the voltage 
level of the input variables determines the switching operation. . Input cuid 
output conditions are then designated as Hi and Lo instead of On and Off. A 
voltage level truth table for an AND and an OR gate is shown below. 



Functional £xpressi(»is 



-> A 



B =^ L 



A + B = L 



Voltage Level Truth 
Tables 



A 


B 


L 


Lo 


Lo 


LO 


Lo 


Hi 


Lo 


Hi 


Lo 


Lo 


Hi 


Hi 


Hi 




AND 
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LO 



Hi 



Hi 



Lo 



Hi 



Lo 



Hi 



OR 



Lo 



Hi 



Hi 



Hi 
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All digital devices work on a binary principle, that is, variables in the system 
can Jtake on only one 6f two possible states. Using the binary number system to 
assign numerical values to these states provides another set of notations for 
Truth Tables, For this notation /O* replaces Off or Lo amd'l' replaces On or Hi. 
A binary truth table for an AND and an OR gate is shown below. 



Functional Expressions 


— > A 


• 3 = L 


c 

9. 




A 


B 


L 




0 


0 


0 


Binary Truth 

T£dt>les ^ 


0 


1 


0 




1 


0 


0 




1 


1 


1 



A + B 



A 


B 


L 


0 


0 


0 


0 


1 


1 


1 


0 


1 


1 


1 


1 



AND 



OR 



Exercise 



Write the expresBlon for the operation of the following two switching circuits. 




Lab Exercises 

Construct switching circuits from logic expressions. Write logic expressions 
for switching schematics. Simplify switching circuits. Check these results 
experimentally. 



1. Given a three-way switch which allows a light to be turned on from 2 or 
more positions, draw a schanatic diagram of a switching circuit irtxich 
will perform this function and wite the logic for the circuit. 

»' 

2. Write the logic expression for the following switching circuit: 




3. Sketch a schematic switching diagram for the following logic escpressicm: 

(A + B) • (C + D) = L 

4. Write a logic eacpression other than the one sho%m to describe the tuncticwi 
of Figure 6.7-f. *- 

5* Sketch the schematic for the following expression and from the schematic 
determine a simplifie<^ ex^ressicni. 

lA + B) • (A + B) . (B + C) = L 



CHAPTER VII 
DIGITAL ELECTRONIC CIRCUITS 



Thm svitchlng circuits ahown in Chapter VI control the flow o£ signals from Input 
to output* These circuits perform a gating function by allowing an output signal 
to **pass through" the gate only, when switches are set la proper positions. 



Section A - Logic Gate Syrobols 

Electronic switching circuits can perform the sane function as the manual switches 
discussed previously* 



AND ^ OR - HOT - XOR Gates 

\ 

Switching gates are identified with a special symbol for each larger functlot^. 






AND 

Figure 7.1 



OR NOT 
AND - OR - NOT - XOR Gates 



XOR 



Inverted Input and Output 

Gates may be activated by either Hi or Lo input signal levels. Lo activated 
gates have a small circle at their input terminals. Gate outputs may be either 
Hi oriLo for a given set of input levels. If a given set of Inputs produce a 
Lo output 9 a small circle will be attached to the gate output terminal. This 
small circle symbolizes an Inverter. An illustration of the functional meaning 
of gate notations is given below. 





A • B 



Amplifier 
Interface 



Figure 7.2 



Inverter 
NOT Function 



AND Function 
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3)^ 



AHD 



A • B » C 

A(LO) MO B(HZ) 
AMD gate 



NAND 



B 



A (HI) AND B(HI) - C (LO) 
Inverted AND (NAND) gate 



NOR 
A + B » C 

A(Lb) OR B(HI) - C(!X)) 
inverted OR (NOR) gate 



Figure 7.3 

AND ^ates and OR gates with an invented output are called NAND and NOR gates, 
respectively. NAND stands for NOT AND and NOT stands for NOT<^ OR . 

Example Problem 

Frott a truth table determine the input - output functional relationships of the 
gates shown. 













































AMD 




NAND 




NAND 




(A) 






(B) 








A B 


C 


A 


B 


c 


A B 


C 


0 0 


1 


0 


0 


1 


0 0 


0 


0 1 


0 


0 


1 


1 


0 1 


1 


1 0 


0 


1 


0 


0 


1 0 


1 


1 I 


0 


1 


1 


1 


1 1 


1 


A(LO) 


. B(LO) - C(HI) 


A(HI) • 


B(LO) - C(LO) 


A(LO) . 


B(LO) 


A • B 


» C 


A • 


B - 


C 


A • B - 


C 


0 • 0 


- 1 


1 • 


0 - 


0 


0 • 0 - 


0 



- C(LO) 
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A 
0 
0 
1 
I 



B 
0 
1 
0 
1 



C 
1 
0 
1 
1 



A 
0 
0 
1 
1 



B 
0 
1 
0 
1 



C 
1 
0 
0 
0 



A 
0 
0 
1 
1 



B 
0 
1 
0 

1 



c 
1 
1 
1 

0 



A(L0)OR B(HI) --C(LO) AaO) OR B(LO) m C(HI) 



A(HI) OR B (HI) « C(LO) 



A -f B - C 
0 ■»• 1 - 0 



A + B 

0 + 0. 



C 
1 



A + B - 
1 + 1 - 



Section. B - Timing Diagrams 



Since switching cirr it input signals come from a variety of sources, such as 
clocks and counters which are constantly changing states, an understanding of / 
w^en- switching operations %ake place is essential to the. understanding of the 
overall operation of digital circuits. Timing diagrams provide a means of deter- 
mining the output 6f a particular gate at any given time if the signal input timing 
chain is given. 

Exaaple 

The following timing diagram shows the output of 9n AND gate and an OR gate 
for a given A and B input. 
1 



f 



B 



1 

0 



put 



AND 



OR 



0 



nsi 



^ •MID- 

ERLC 



Timing Diagram for an AND GATE and OR GATE 

gate output is in the state only >dien A and B are I. 
^ate output l8 in the "l" $tate when A oir B Is 1. 
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6eotlori C ^ Integrated Circuits' " 



A - 



Vacuum tubes wer^ used in the past to perform switching and .amplifying functicife;. 
Tubes have been replaced with solid s^ate devices which provide advantages in size 
(sand power requirementa. ^ Hddem technology is constantly improving on the physical 
8$2e, power reqiilfements, switching time and noise i^unity pf solid state circuits « 

Special fabrication techniques make it possible to build complete systems on a 
single base called a chip. Devices which have many active and passive circuit 
' con^onents on a single chip are called Integrated Circuits. Integrated circulzts j^' 
fall lnt<^ three categories distinguished by the number of circuits constructed 
on a single chip.^ Small scale integration^ (SSI) chips contain from 1 to Urates. 
Medium scale integration chips (MSI) contain 12 to 99 gates and large spale Inte- 
gration (LSI) chips contain over 100 gate^. 

The availability, rellabiiity and^ low cost of digital IC's has made it possible 
to construct sophisticated logic circuits with a minimum of hardware and design 
effort.^ It is no longer necessary to construct logic circuits from discrete 
components, since feach IC logic family has all of the major operatio^nal circuits 
bu^lt ittto IC chips. A logic system of any type desired can be assembled by 
properly^ cCTibining available . IC packages • 





Figure,'). 4 



LARGE* SCALE INTEGRATION - INTEGRATED CIRCUIT 
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Different approaches to the problems of Improving design parameters pf IC 3 have 
led to the development of several different types of logic circuits all of which 
perform the same basic functions. They differ only in Voltage levels, bwitching 
tiiiies and power requirements. Circuits from these various logic families may be 
intermixed in a single system if precautions are taken to assure compati- _ 
bllity between systcas. This is accompxished by using interface circuits which 
nodifyoperatins patameters . A list of various loqic families is given on the 
folloiling page along with a table of their performance characteristics. 

/. es 



POWER/GATE 
MCIC FiUCLY (watta) 

tn. 

iMlttor 12X10 
Translttor ' 
Logic 
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DEUYS- toa) OUT 
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NOIS E SUPPLY BASIC GATE 
IMMUNITY VOLTAGE LOGIC 



8V 



+3.6V 



NOR 



Diode 

Tranalator 
.. Logic 



12X10 



-3 



30 



8 



.4V 



+5 



NAND 



m 

Tra&aistor 
Trttnaistor 

Logic 



12X10 



-3 



12 



10 



+5 



HAND 



^CMDS 

tary Ifetal 
Oxide Seal- 
conductor 



50X10 



-6 



50 



50+ 1/3 of VCC +3,+18V 



NOR/NAND 



Ea - 

Electron 50X10" 4 25 Variable -5.2V OR/NOR 

Coupled 

Logic 



TIL Dip Circulta 

In our diacusaion of hardware and cifiquit applicationa we wiU uae lC's*with dual 
imlin* pins of the TTL family. ' 

TfL ia an abhreviatiooLf or rransistor-Transiator-Logic which ia a deacriptive 
title of the internal circuitry uaed in the chip. TTL packagea ar6 very inexpen- 
sive and. cover the whole %m^t of logic operationa. 

For example, below ia the achematic diagram of a atandard TTL, QUAD NAND Gate 
(7400).*. 
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Figure 7^ - TTL 7400 
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In this chip (about 1/4 the size shovm) are 4 Independent NAND gates that may 
be used singly or in combinations. 

All TTL logic^ requires a supply voltage of +5V. Nominally, a logical "1" for 
this family is +5V and a **0" is OV. However, the circuits actually operate with 
0*s as high as .2 V and I's as low as 2 volts. 

Laboratory . ^ 

Using 7400 series AND, OR, NAND, and NOR gates, develop truth taUDles for 

the various logic circuits. If the output voltage level is above 

2V» place a 1 in the data table. If the output is below .2V, place a 0 in the 

table. 



Problems 

1, Using the following TTL IC's, verify their truth tables. Make a tcible 

of output vs input voltages for each of the following gates and compare the 
resultant outputs to the truth table. 

7402 QUAD 2 input NOR gate 

7432 QUAD 2 input OR gate 

7408 QUAD 2 input AND gate 

7404 HEX inverter 



i3 



Multivibrator 

Logic gate circuits respond only to the immediate condition ^f their inputs. 
When any one input changes, the output responds to that change. There are other 
\oglc ciirc'uits with outputs controlled by their input but which maintain the 
same output even w^en the input is removed* Their output changes ».>«!n activ^ited 
by a switching pulse called a trigger pulse. These devices are uixx^.i mulfl* 
vibrators. There are three classifications of multivibtatnrs — as table bistable > 
and monos table. 
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A8^tabJeJ4ultiylbrji^tor~^ or free runnin^^; multivibrators switch 

alternately between Lo.to Hi states. Switching rates are deter- 
• mined by the RC time constants of coupling networks- This circuit 

has no stable state sincp internal switching circuits keep it oscillating 
between states. The trigger pulse is generated internally. 



Bistable Multivibrator— pistable multivibrators, called fliiy flops , switch 
from high no low or low to high under the control of an external switch- 
ing pulse. This circuit^ has two stable states and can be switched from 
one state to the other ojfily by applying a trigger pulse. Bistable tnulti- 
vibrators are used extenfeively in digital citcuits and come with a variety 
of switching and coptrol; 'Characteristics. 

Honos table Multivibrator — A roonostable multivibrator, called a one shot 
has only one stable stat^. When driven out of its stable state by a ^ 
switching control pulse, it will return to its stable state due to internal 
switching Action. The "jime required for the circuit to return to its 
stable state after being, switched is determined by ah RC coupling circuit. 

Multivibrators have tw6 activje states which are complementary, that is, when 
one element is high the other must be low. It is possible to use either or 
both outputs if complementary or_inverse functions are desired. The outputs 
are usually designated by Q and Q- When output is_high, Q is highr if roust 
be low and the MV is in the 1 state. When output Q is high, Q must be low and 
the MV is in the 0 state. 



Pulse Shaping Circuits \ 

Pulse shapes can be a critical factor in proper operation of switching circuits. 
Switching speeds, pulse ampli;tude and pulse duration are parameters which control 
noise, timing, and logic levels in digital circuits. A specific nomenclature 
is used to describe the defining parameters of pulse shapes. Figure 7.7 shows 
a square wave pulse and its shape defiling parameters. 
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Figure 7.6 - Mulf' vibrator Block Diagram 
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Fig. 7.7 SQUARE WAVE PULSE PARAMETERS 

Special circuits are used to generate pulses with characteristics that fall 
within specified limits for proper circuit operations. 



Schmltt Trigger 

Pulse shaping circuits are used to quantify analog signals or to reshape 
digital pulses which have degenerated* One circuit used to perform pulse 
shaping is the schmltt trigger. A Scumitt trigger is a bistable multivibrator 
that is turned on and off by different levels of coatroli signals. It has a 
vety short rise and fall tliue when triggered. The voltage level which 

triggers the circuit from OFF to 01^ is called the upper trip point (UTP) and 
the voltags level which triggers it from ON to OFF is called the lower trip 
point (LTP). Output pulse duration time is th^ time required for the control 
signal. to go from the UTP level to the LTP level. A small trigger symbol and 
a schmitt trigger circuit with its trigger level and output are shown in 
Figure 7.8. 

Schmitt Trigger IC Symbol 
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Fig. 7.8 (A) 
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Schmitt Trigger with Timing Diagram 



Sign\l In 



Signal Out 




Pig* 7*8 (B) 



Signal conditirning Is essential to proper system performance even though 
the condltlonlag circuits are not part of the data control and manipulation 

Differentiating networks and one shot multivibrators can also be used to 
produce pulses with rapid rise times and pulses of varying time durations. 

Laboratory 

Write the expression and construct a truth table for the following logic 
diagrams. 

Verify the truth table using an OR gate and a NOR gate. 




CHAPTER VIII 
COMBINATIONAL LOGIC 



Slgnat processing c^lrcuits which use various combinations pf AND, OR, NAND, 
NOR^ and NOT gates are called combinational logic circuits. 

Section A - Truth Tables 

In the introduction to single gate operations a simple tabulation of 
all possible combinations of a two input gate was used. The output for each 
of these combinations was determined by the type of gate through which the 
signals were passed. The number of combinations possible in these tabulations 
depends upon the number of input variables used._ For a single variable 'A' 
thjere are only two^possible v^tates, either A or A (NOT A). Since B can have 
two states, B and B (NOT B) and there can be two A states for each B, this 
m^kes a total of 4 different combinations of variable states. If 3 variables 
are uped there are 8 possible combinations. If n variables are used there 
are 2^* possible combinations. A table ot combinations for one, two and three 
variables is shown below. ^ ' 

ONE VARIABLE ' TWO VARIABLES THREE VARIABLES 



A 


A 


B 


A 


B 


C 


0 


0 


0 


0 


0 


0 


X 


0 


1 


0 


0 


1 




1 


0 


0 


1 


0 




1 


1 


0 


1 


1 








1 


0 


0- 








1 


0 


n 








1 


1 


0 








1 


1 


1 



Possible Variable Combinations 
Section B - Circuit Synthesis and Analysis 

Logic gates can be constructed to provide a specific output for any given 
combination of input variable states. The desired function can be written 
ad a logic expression and from this expression an appropriate logic circuit 
can be constructed. Constructing a circuit for k given expression is the 
process of circuit synthesis. Derivinij an expression for a given combination 
of logfc gates is the process of circuit analysis. 
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Kxaaples t 

1. Determine the output of the following combinational logic circuit. 



F « (A i B) + (B C) 




(A • B) + (B • C) 



2. Construct a combinational logic circuit from the following expression < 

A + B*C + D»E 
A 



5>J 



D 



3. Write the expression for the following logic circuit. 
A • B + C • D = E 



Exercises 



1* Construct a logic diagram for each of the following logic expressions « 

a) A 4 B • B + C * D 

b) A*B + A*C-E 

c) A'B + C*D + A*C«F 
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2. Write a logic expression for the output of each of the following circuits. 




D 



n 


1 






i NOR 
1 CATI' 











Logig Ta bles and Variable State Ccnnbinatlons 

The logic function performed by AND, OR, and inverter gates produce either 
a 1 or 0 out depending on the logic level of the input variables. A table 
of AND, OR and invert logic functions is shown below. 



Logical Multiplication 
(AND) 

0 • 0 » 0 
0 • 1 « 0 

1-1-1 



Invert 
(NOT) 



0 
I 



1 
0 



Logical Addition 
(OR) 

0 + 0 = 0 
0+1=1 
1+1 = 1 



Logic Function Table 



The variable X can assume one of two states; it can be either 1 or 0, there- 
fore we can say: 



If X - 1, then X = 1 = 0. 

m 

also, X = X 



and 



If X = 0, .hen X » 0 = 1. 
also, X = X 



ItWERT 
X X 

0 1 

1 0 



X 
X 

1 



AND 
X - X 
X - 0 
X - 1 



0 • X - 0 

Variable State Combination Table 



OK 

X + X « X 
X + X - 1 
1 + X - 1 
0 + X - X 
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. Combination A Logic Output 

VThe output state of a combinational logic circuit can be determined by con- 
structing a truth table for the logic expression and applying the rules of 
logical combinations established In the above logic table. 

Example 

Determine the output state of the. following logic circuit IfA'^'OyB'l 
and C * 1. 
A 



B 



0 
0 
0 



I 



1 
1 
1 
1 



B 



Logic Circuit 



A • B 



0 0 
0 1 

_ 5 . 

_1 1 

0 0 

0 1 

1 0 
1 1 



0 
0 
0 



B • C 

0 
0 
0 



/ 

y 0 
I 

I ° 
/ 1 



Truth Table 



/ 0 

i- ° 



B + B • C = E 



3> 



B + B • C 
0 
0 
0 

0 
0 

1 
1 



Logic Signal Diagram 
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Section C - Boolean Algebra 

Synthesis of logic circuits is the process of developing a combination of 
large gates which will perform the function specified by a logic expression. 
In many cases the desired output can be achieved by several different choices 
of gate combinations. In cases where multiple, variable combinations are used, 
some of the gate combinations may oe redundant and therefore unnecessary. 
Designers should reduce the analytic expressions to their simplest terms to eliml* 
nate unnecessary circuity and optimize the final circuit configuration. The process 
uf reducing circuit redundancy analytically is the subject of Boolean Algebra. 

The relationships of logical combinations and the state relationships of 
variables can be combined to form a^'set of laws for Boolean Algebra. The 
validity of each law can be tested by allowing the variables* in its expres- 
sion to asstime values of either 0 or 1 and show that the values on both sides of 
the equal sign are the same. Truth tables provide a method of keeping track 
of assigned values for variables in verifying the laws of Boolean Algebra. 
They can also be used as a direct means of simplifying a Boolean expression. 

Laws of Boolean Algebra 

Tfie laws of Boolean Algebra are different ^^om the laws of ordinary algebra. 
In Boolean Algebra, the same rules can be applied to logical product terms 
and logical sum terms. This is not true of ordinary algebraic relationships. 



Distributive law: A* (B+C)«A*B+A*C 

A + (B • C) - (A + B) • (A + C) 



(1) 
(2) 



Both of the above relationships are valid in Boolean Algebra, but only the 
first is a valid ordinary algebraic relationship. 

The validity of Boolean expressions can be verified through the use of 
truth tables. 

Example 

Verify the above distributive law expressions using a truth table. 



A 


B 


C 


(B + C) 


A.(B + C) 


A-B 


A-C 


A-B + A-C 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


1 


1 


0 


0 


0 


0 


0 


1 


0 


1 


0 


0 


0 


0 


0 


1 


1 


1 


0 


0 


0 


0 


1 


0 


0 - 


0 


0 


0 


0 


0 


1 


0 


1 


1 


1 


0 


1 


1 


1 


1 


0 


1 


1 


1 


0 


1 


1 


1 


1 


1 


1 ^ 


1 


1 


< 1 












•Identical 


Results m 
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The truth table shovk that A * (B + C) will produce the same outputs as 
A*B + A*C °and verifies the <iistributive law: 

A • (B + C) » A-B + A-C 



The second expresslcTn can be verified in a similar fashion. 

ABC (B • C) A + (B • C) A ^ B A + C (A + B)- (A + C) 



0 
0 
0 

a 

1 
1 
1 
1 



0 
0 

1 
1 

0 

0 

1 
1 



0 

ol 

0 

1 

0 

1 

0 

1 



0 
0 
0 

1 

0 
0 
0 

1 



0 
0 
0 



0 
0 



0 

1 

0 



Identical Results 



0 
0 
0 



The above truth table proves the validity of the expression: 

A + (B • C) = (A + B) • (A + C) 



Example " 

Applications of the distributive law. 
1. Prove: _ 

A«B + A-B <= A 

Proof: _ 

A B + A B = A • (B + B) from 1 above 

(B + B) = 1 from variable state combination tables 

A- (B+B)=A. 1«A 



Prove : _ 
(A + B)- (A + B)= A 

Proof: _ , _ 

(A + B)- (A + B)- A + (B • B) 



from 1 above 



(B * B) 0 from variable state combination table 
A+(B-B)-A+0 = A 
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Example 

Simplify the follovlng expression. 

A-B-C + A-B-C + A-B 
Combine terms 1 ana 2. 

A-B-C + A-B-C » A.B.(C + C) « A*B.( 1) « A-B 
Combine results above with term 3. 

A.B + A.B « A.(B + B) « A • 1 « A 

I 

A-B-C + A-B-C + A.B » A , 

Regardless of what values B and C assume, the output will always be the same, 
as Ay so the AND gates and OR gate^ are unnecessary. 

The above results can be verified by use of a truth table. 

» 

Example 

Reduce the following expression. 

A-B-C + A-B-C + A-B-C 
O O O 

Combine ^erms 2 and 3. 

€> A-B-C + A*B-C » A-B-(C + C) = A-B - 1 = A-B * 
Combine t^rms 1 and 3. 

®. A-B-C + A-B-C » A-C-(B + B) - A-C - 1 - A-C ' 

Combining ^ 2md O 
A*B + A-C = A- (B + C) 

••. A*B*C + A-B-C + A*B*C = A-B + A*C = A* (B + C) 



ERIC 



-75 



From the above example it can be seen that a term may be used as often as 
peedod in reducing combinations. This results from the fact that X + X » X 
and X X » X so that any term may be repeated in an expression as often as 
desired vrlthout ^changing the value of the expressions. 

A'B + A'B + A*B • A-B - A'B « A* B 



DeMorgan's Theorem 

In a lab exercise for Chapter VII, expressions of D^Morgan' s* Theorem were 
developed. This theorem provides the basis for duality in boolean expres- 
sion. A general procedure for applying DeMorgan's Theorem to an expression 
is to change all AND S^bols to QR^S ^ change all PR'S to AND^S and INVERT 
each term of the expressibn. 

Examples 



A + B = A- B A-B = A + B 



A-B+B-C=A + B- B + C A+6-B + C = AB + BC 

' 0 

Sum of Products — Product of Su js 

Consider the expression: A-B-C + A-B-C +'a-B;C + A^-C = F (Sum of Products) 

The original terms in the left hand column of the above example are product 
terms. All variables in each term are ANDed or logically multiplied together 
forming a product. These terms are 'then ORed together or logically 'summed 
producing a total expression which is a SUM OF PRODUCTS Sum terms which 
are logically ANDed f6rm an expression which is a PRODUCT of SUMS * 

A Boolean expression of tferms set equal to '1' can be replaced with an i|nverted 
expression set equal to 'Q'. Either of these expressions may be iised inH*,e 
simplification process. They will produce combinations which differ only in 
the type of gate arrangement used to achieve the desired results. SUM of 
PRODUCT terms require ^AND gates feeding an OR $ate. ^PRODUCT o? SUMS terms 
requires OR gates feeding an AND gate. PRODUCT terms are called minterms 
and SUM terms are called maxterms . ^ 

Example 

Simplify the following SUM of PRODUCTS expression above using min terms and max- 
terms* 
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TRUTH TABI4E 



A 


n 
D 


c 


1? 

r 
mil 


u 


lerins 




T6 rms 


6 


0 


0 


0 


A 


B C 






0 


0 


1 


0 


A 


B C 






0 


1 


0 


1 






A 


B C 


0 


1 


1 


0 


A 


B C 






1 


0 


0 


1 ^ 






A 


bTc 


1 


0 


0 


1 






A 


B C 


1 


1 


0 


1 






A 


B C 


1 


1 


1 


0 


A 


B C 







J- 

Grouping all of the terms which^roduce a '1* OUT form a Sum of Products 
expression. \ 

A*B*C + A*B*C + A*B*C + A'B'C (Sum of. Products) 



Comb;L'ne terms 


1 


2md 


3. 






A-B.C 


+ 


A*B< 


►C = 


B< 




Combine terms 


2 


4nd 


4. 




: / 


A*B-C 


+ 


A*B' 


C = 


A 


•B 


A*B*C 


+ 


A^B" 


C +' 


A 


•B*C + A-B-C = 



Group xng all of the terms which produce a '0' OUT and applying DeMorgeui's ^' 
Theorum forms ^ Product of Sum Expression. 

Write the expression for the product terms which produce C in the output 
column of the truth taUDle fmd apply BeMorgan's Theorem to produ<j^ siam terms 
which equal 1. This is the maucterm equivalent of the original minterm expres- 
sion. ^ ^ ' * 



ABC+ABC + ABC + ABC = 0=1 

<j _ _____ 

(A + B + C) • (A + B + C) • (A + B + C)'* (A + B + C) « 1 (Product of Sums) 

Combine tertes 1 cmd 2. * 

(A + B + C) (A + B + C) = (A + B) ' 

r 

Combine terms 3 and 4. ' 



(A + B + C) • (A + B + C) « (B + C) 



A*B*C + A*B*C + A'B'C + A^B-C « (A + B) . (B + C) (maxterm) 
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Circuit to Impljement Mlnterms ' Circuit to Implement Maxterms 

If the maxterm jexpression in the example above is expanded, it will produce 
a mlnterm expression identical to the reduced expression of the original 
mlnterm expression. « 

(A + B) • (B + C) » A-B + B -B + B-iC » A- B + B- C, (since B B = 0) 



Karnaugh Mapping 

o 

Methods have been devised to facilitate the process of circuit simi^x. ication 
using Boolean Algebra. A widely used method of simplifying circuits of three and 
four variable expressions is Karnaugh Mapping. Since the simplification 
process is used primarily in circuit design, ;:his introduction to Boolean 
Algebra will suffice for our present needs. 

Problems ^ 

Wirite the maxterms for thi following Boolean expressions. 
F - A-B*C + A-B-C + A-B-C 
^ F « A'ByC t_ A^'iyC _ . 



Write the minterms for the following Boolean expressions. 
F » (A + B + C)-(A + B + C)-(A + B + C) 
F « (A + B + C)- (A + B + C)- (A + B + C) 




CHAPTER IX 



BINARY ARITHMETIC 



Section A - Binary Numbers 

The Binary Number System Is based on the use of only two symbols, 1 and 0. 
The 1)eclmal Number System Is based on the use of ten symbols, 0 through 9. 
In the Decimal system, a number larger than 9 must be represented by a com- 
bination of symbols. The position of the symbol relative to a decimal point 
d«rci.fflines the tru^ value assigned to the symbol. The number 6. has a value 
of six; 60. has a value of 10 x 6 or sixty because the 6 is two 4)laces from 
the decimal point; 600. has a value of 100 x 6 or six hundred since the six 
is three places from the decimal point. The position of each d^it relative 
to the decimal point determines the power of ten by which it mu^t be multiplied 
to produce its true quantity. The decimal number 642 is equal to: 

2 1 o 

(10 X 6)+ (10 X 4)+ (70 X 2)* six hundred + forty + two 

Ten the radix of the decimal system— it is the number by which digits in 
a nimaber are multiplied to determine their positional value. 

The weighted value of digits in any number system is determined by multiplying 
each digit by the system's radix raised to a power determined by its position 

relative to a radix point. For binary numbers the rad^x is 2 so each digit is multi 
plied by some power of 2 which increases to the left of the radix point and 
decreases to the right of the radix point (binary point) . 

101. -(2^, X l)+(2^ X 0H(2° xl)«4+0+l«5 



2 

^2 



,101, =(1 X 2"-'-)+(0x2"^) +(1 X 2"^) = 1/2 + 0 + 1/8 = 5/8 



MH£le: Find the decimal values of the following binary numbers: 1010.011, 
1101.101, 110.1 

Position Values Decimal Value 

2^- 2^ 2^ 2^ 2° • 2"^ 2"^ 

10 10-0 1 1 -. ► 10.375 

1 1 0 1 • 1 0 1 ► 13.625 

0 110-1 Q 0 ^ 6.5 



To convert a decimal number to its binary equivalent, divide the decimal number by 

2 and place in thfe binary- number position a '0' If no rc^jiinder is obtained and a 1 
If a remainder is obtained. The first value obtained is t^e least significant 
digit (LSD). 

8,- 
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Example 
Convert 25 



10 



to its binary equi|valent 



Division 

2 l25_ 
2 Il2_ 
2 

2 13_ 
2 

0 



25, 



To convert the fractional part o 
number by two and place in the 
generated and a '1' if a whole n|umbe 
continue multiplying the fractional 



Example 

Find the bina'ry equivalent of 0.36 



Remainder 

R=l 
R=l 
R=0 
R-0 
R=l 
R=l 
= 11001^ 



Binary Digit 

Radix point 

1 
1 
0 

0 

1 

1 READ 



a decimal number to binar/, multiply the decimal 
n|umber position A '0' if a whole number is not 

r is generated. Remove the whole number and 
number only. 





Binary Digit 


.36 


R-dia 


2 




.72 


0 


2 




X.44 


1 


2^- 

.88 


0 : 


2 




X.76 


1 1 


2 




X.52 


1 ' 

1 


2 


1 


X.04 


1 1 
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Problems 



- .OIOIII2 etc. 



Convert following binary numbers to decimal values 



\ 



1011.110 



IIOO.OIOI 10010.0110 

\ I 

i 

Convert the following decimal nunibers to binary. (Carry to 6 places after radix point.) 

36.25 29.5 18.625 

i 
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Arlthmetic Circuits 

BiUv-»y arithmetic can be performed by switching circuits in many ways. Cir- 
cuits used and logic operations performed in implementing an arithmetic opera- 
tion are a matter of choice of the system designer, A sequence of operational 
steps used to perform specific operations is called an algorithm. The choice of 
algorithms used to solve problems depends on both applications and economics. 
A simple algorithm for performing multiplication is to use repeated addition, 
6x4»6+6+6+6. A simple algorithm for performing division is using 
repeated subtraction and counting the n'lmber of times the divisor has to be 
subtracted from the dividend to make the final difference 0 or as close to 
0 as system limitations will permit. 18 4.6 can be determined by ' ' 

18 -6-6-6=0 or 3 subtractions. 

Binary Adders 

Consider the simpfest addition that can be performed; the addition of 
only two digits. Construct a table of results for all possible combinations of 
two variables. A circuit which will perform the operation shown in che truth 
table is called a half adder* 



A 


B 


S 


C 


0 


0 


0 


0 


0 


1 


1 


0 


1 


0 


1 


0 


1 


1 


0 


1 



s 
c 



• 'jm 
L^rry 



Half Adder Truth Table 



The hardwc; * ^leeded to implement the operation shown is a combination X)f gates 
which will produce a '1* output for the following logic expressions (A • "F) + 
(A • B) and a *0' out for all others, 'ihis circuit is recognized from 
pre vious discus sions as an EXCLUSIVE OR (XOR) circuit. An XOR circuit will 
produce the sum' l?atput~fOT a half adders A carry output is produced only when 
A and B are both 1. The carry output therefore requires only a simple AND gate. 




A-B + A-B=^S 




Exclusive OR Gate 



AND Gate 



ERLC 



Figure 9.1 
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The addition of two numbers cannot be performed correctly by a half adder since 
no provision Is miidc to acconmodate the carry ger.eruted by adding 1 + 1. Anotlior 
half adder is needed to add a carry digit. 

Full Adder 

A full adder consists of two half adders, one to add the addend and one to add 
the carry generated by addition of the two previous digits. A truth table for 
a full adder must include the additional variable CI to determine the sum 
and carry out values that ii(ill be generated by the total addition process. A and 
B are the two numbers to b^ added and Ci is the 'Carry in' number generated by 
addition of the previous digits in the sequence. 



IN 


A 


B 


Ci 


0 


0 


0 


0 


0 


1 


0 


1 


0 


0 


1 


1 


1 


0 


0 


1 


0 


1 


1 


1 


0 


1 


1 


1 



OUT 



s 


Co 


0 


0 


1 


0 


1 


0 


0 


1 


1 


0 


0 


1 


0 


1 


1 


1 



S - A'B'C + A-B-C + A*B*C + A-B-C 
Co ^ A-B-C + A.B-C + A-B-u + A-B-C 
which reduces to 

Co = A-B + B-C + A-C 



B 



C. 



HA 



HA 



Figure 9.2 



Truth Table & Block Diagram of Full Adder 



Binary Subtractors 
Half Subtractor 

The process of binary subtraction can be implemented in much the same way as 
binary addition. From a truth table for subtraction of one digit from another 
a half Subtractor can be. defined. A halt subtractor makes no provision for 
handling a borrow term resulting from the subtrahend digit being larger than the 
menuend digit. A truth table ^nd circuit diagram for half subtractor X-Y is 
shown in Figure 9.3. 
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D ■ Difference 
B - Borrow 
D - X • Y + X • Y 
R = X Y 



D 



Figure 9.3 



Truth Table and Logic Circuit for Half Subtractor 



The seccndrow of the truth table says that in order to subtract 1 from 0, a 
borrow from the next most significant digit must be made so a 1 is placed in the 
B column. The, value of the menuend X is than increased by 2. When the new 
value of X is diminished by the value in Y, it leaves a difference of 1 as 
indicated in column D» 

Full SuDtvactor 

A full subtractor performs the borrow operation by subtracting 1 from the next 
MSD when required* An additional variable Bi (Borrow in) is included in the 
truth table to indicate the circuit combinations needed to Implement this borrow 
operation. A truth table and circuit for a full subtractor is shown in Figure 9.4, 
Bi (Borrow in) means the minuend has been borrowed from in a previous operation. 
Bo (Borrow out) means the minuend must borrow from the next most significant 
digit (MSD). 



Example 



D « X - Y 
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Figure 9.4 
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Full Subtractor X - Y 
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Section B - Complemented. iNiimbers • 

j - 

Decimal Complements 

*The process of subtraction icay be performed by addition using complements of 
negative numbers. One of two types of complemented numbers may be used, either 
the true complement or the radix minus one complement. In the decimal system the 
radix minus one complement of a num' -5r Is found by subtracting each digit, of the 
number from 9. The true complement Is found by adding one to the least signifi- 
cant digit of the radix minus one complement. \ 



Example 

Find the true complement and radix minus one complement of 697.45. 

Radix minus one 
Subttac-t 

RadiSft minus oi;e complement 
Add 1 to LSD 
True complement 



999.99 

697.45 Radix 1000.00 

302 . 54 SubtrAct 697.45 
1 True/Complement 302.55 

302.55 f 



When performing subtraction by adding complemented negative numbers to noncora- 
plemented positive numbers, a car. -y will be generated by addition of the most 
significant digits. Disregard the carry digit when true complements are used. 
Add the carry to the LSD of answer when radix minus one complement is used. 

Example 

Subtract 23 from 56 using true and radix minus one complements. 

Step 1 - i^ind the true complement and radix minus one complement. 

True complement of -23 « 77 

Radix minud one complement of -23 « 76 

Step -2 - Perfrom subtraction using the true complement. 

56 56 

-23 True Complement ±77 

33 Drop the carry digit 133 « 33 



Step 3 - Perform subtraction using the radix minus 1 complement. 

56 56 
''23 Radix minus one complement 76 
33 End around carry rl32 

Add carry to LSD h 1 ' 

^ 33 
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Blnary Complements 

The same procedure can be used to perform subtraction in the binary system. 
The radix minus one complement or l*s complement of a binary number is found by 
subtracting each digit from 1 which is the same as changing all O's to l*s and 
all I's to O's. The true complement, or 2*8 complement is found by adding 1 
to the least significant digit (LSD) of the I's complement. 

Example 

Find the l*s and 2*s complement of the following b-'nary numbar. 
Given binary number 10110.10 



, To find radix minus 1 complement 

(I's complement) 11111.11 

Subtract 10110.10 

I's complement 01001.01 

Proced ure for finding the radix minus J complement 

To find the true complement (2's complement) 

l*s coffiolement 01001.01 

Add 1 to LSD , . 1 

True complement 01001.10 

Procedure for finding the true complement 

The same rule for handling a carry generated by addition of MSD*s as shown for 
decimal numbers applies to binary numbers. For 2's complement the carry is 
dropped. For l*s complement the carry is added to the LSD of the answer. 



Example: 



Subtract 101.01 from 11011.10 using straight subtraction, using complements; 
using 2's complements. 



NOTE: Always place as many digits in the subtrahend as are given in the menuend. 



By subtraction 11011.10 27.5 

-00101.01 - 5.25 

Ans. 10110.01 22.25 



I's complement of 00101.01 

2's complement of 00101.01. 

il's complement 11011.10 
11010.10 

end around 

carry xl 10110.00 

^ i 

Ans, 10110.01 



11010.10 

11010.11 

2*s complement 
drop carry 1 



11011.10 
11010. 11 
10110.01 Ans. 
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Exe rclse 

— — • 

Subtract 17 from using binary numbers and both l*s and 2*8 complements. 
10 10 



SIGNED NUMBER5: 



ANS. 110001 



The sign of binary numbers » + or Is denoted by placing a 1 to the left of the 
numbers MSD for negative numbers and an 0 to the left of the MSD for positive 
numbers. In 1*8 and 2*s complement system a 1 In the sign bit position means 
that the number which follows Is In coop lemer. ted form. In binary addition and' 
subtraction using complemen operation the sign bit is treated as another digit. 
In arithmetic operation the sign of the answer is generated by the summing process. 
If an answer has a 1 in its sign bit position, answer is negative, and the true 
magnitude of the answer is the complement of the number shown. 

Example 

Write the following numbers in binary using a sign bit. 

+ 12 -^-O.llOO 

- 13 ♦1.1101 

- 5 -♦I. 0101 
+ 10 ♦0.1010 

E xample 

0 

/ 

Write the above numbers as they would appear in a l*s complement system. 

+ 12-^0.1100 

- 13 -►i.OOlO 

- 5 -►I. 1010 
+ 10-^.1010 

Example 

Subtract 13 from 25 using a l*s complement binary system. 

+ 25 -►O. 11001 

- 13 ■ » 1.10010 - complement of 01101 
'end around carry rl 10.01011 



+ 12 0.01100 
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Example 

Subtract 25 from 13 using l*s complements* 

+ 13^0.01101 
- 25^ 1.00110 

Complement 1.100^11 - Answer Is a complemented negative number 
Fiagnitude - 01100 = -12 

Example 

Add -25 and -13 using l^s complements. NOTE: Provide enough places to avoid 

overflow. 

-25 1.100110 
-13 1.110010 
End arounu carry >.l 1.^11000 
W 1 



Complement 
Magnitude 



1.011001 

- 100110 ^ -38 



Examples 

Complement subtraction - signed numberj, 
I's complement 



+ 10 + 1010 
- 12 - 1100 



►0.1010 
►1.0011 
1.1101 



-0010, 



-.10 
- 12 



-01010 
-01100 



End around carry 



►1. 10101 
►1.10011 
/- 11.01000 
W 1 



1.01001 



-10110, 



2's complement 

+ 7 + 0111 
- 9 -• 1001 



►0.0111 . 
►1.0111 '^ 
1.1110'*' 



-0010, 



Two's complement 



ERIC 



- G -00110 
Drop the carry — 

+ 15 _ +1111 

- ._a - 1000 

Drop the c^rry— i 



►1.10010 
'1.11010-* 




1.0.0111 



0.0111, 



TWo's complement 



Two's Complement- 
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Exercise 

Pertorm tbe following arithnjotic operation In binary usltig signed numbers In a 
2's comp^lement system. 

12 + 15 

28 - 14 
-15 + 2 
-33 - 8 



Multiplication and Division 

As mentioned earlier, the arithmetic operations of multiplication and« division 
may be performed by 'repeated additions and subtractions. Other algorithms have 
been developed for performing multiplication and division with fewer operations. 
These algorithms make use of the fact that shifting a number left ohe place is the 
same as multiplying by its radix and shifting right divides the number by its 
radix. Multiplying by 0 produces a partial product of 0 and multplylng by 1 
produces a partial prodiict equal to the multiplicand. The simplicity of devel- 
oping partial products and' performing -shifting operations makes the implementa- 
tion of multiplication and division algorithms easy to achieve even though many 
operations may be required < 



requxrea. y 

r / 



Lab Exercises: Construct a full adder from a given circuit diagram 

Construct a full Bubtractot from a given circuit diagram 
Perform subtraction using an ^dder and complemented numbers 



93 



ERIC 



/ 



